and NR2A and are also likely. This mechanism of synaptic targeting of NMDA receptors in spinal neurons is preserved in the NR2B expression ( Figure 1A ) was easily detectable at 7 days and fully expressed by 10 days in vitro. Also excitatory synapses on the dendritic shafts of hippocampal interneurons but differs from that present in hipnoted in these studies was a relative deficiency of PSD-95, a lack of SAP-102, and an excess expression of pocampal pyramidal neurons, expanding the molecular differences between excitatory synapses on neurons NR2C in spinal neurons. Other proteins tested, aside from those shown in Figure 1 , that showed no significant with or without dendritic spines. differential expression between spinal and hippocampal cultures included GRIP1 and GRIP2, Shank, NSF, and Results
PICK1.
Immunostaining of cultured ventral spinal neurons NR2A and NR2B Target NMDA Receptors with antibodies to NR1 ( Figure 1F ; S3C11-pan NR1) and to Synapses all four NR2 receptor subunits ( Figure 1G demonstrates Previous work in our lab indicated that the lack of synaprepresentative NR2A immunostaining) showed almost tic NMDA receptor clustering in spinal neurons was due no clustering of NMDA receptor subunits in spinal neuto the lack of expression of a crucial protein in postsynrons after 1 or 2 weeks in vitro and minimal synaptic aptic spinal dendrites . We began our localization. Surprisingly, PSD-95 ( Figure 1H ) and Chapcurrent investigation by examining which postsynaptic syn-110 ( Figure 1I ) showed excellent synaptic localizacomponents, thought to be important for synaptic tion in ventral spinal neurons in the absence of synaptic NMDA receptor clustering in other systems, might be NMDA receptor clustering. No synaptic staining was absent in ventral spinal neurons. We used immunoblots seen with antibodies to SAP-102 or SAP-97 in ventral of spinal and hippocampal cultures to look for known spinal neurons (data not shown). In contrast, in cultured components of central postsynaptic densities (Sheng, hippocampal neurons, clustered immunostaining was 2001). Two important, reproducible deficiencies in culseen with the NR1 ( Figure 1B ) and all NR2 subunittured spinal neurons compared to hippocampal neurons specific antibodies ( Figure 1C shows representative were the severe reduction in the expression of the NMDA receptor subunits NR2A and NR2B ( Figure 1A ). This difstaining for NR2A) with the exception of the NR2C anti- Control 1.5 Ϯ 0.5 11.9 Ϯ 3.5 NR1-1A (C2) 1.1 Ϯ 0.3 13.1 Ϯ 3.1 NR1-4A (C2Ј) 1.6 Ϯ 0.5 10.6 Ϯ 2.2 NR2A 7.8 Ϯ 2.3** 13.6 Ϯ 3.0 NR2A plus APV/CNQX 6.9 Ϯ 1.7** 11.1 Ϯ 2.8 NR2B 8.9 Ϯ 4.1** 10.3 Ϯ 2.1 PSD-95 2.2 Ϯ 0.7 9.9 Ϯ 1.8 SAP-102 2.6 Ϯ 0.9 8.8 Ϯ 2.1 NR2A⌬10 2.7 Ϯ 0.9 9.6 Ϯ 2.8 NR2C 3.6 Ϯ 1.5 -NR2A/⌬6 2.9 Ϯ 1.6 -In panel (A), spinal neurons, grown for 3 days in vitro, were transfected with the indicated constructs (Control is pCMV-LacZ) plus a small amount of HcRed (or eGFP) to identify the transfected cells, replated, and grown for 4 or 5 days, at which time they were fixed and stained for synaptophysin plus GluR2 or NR1. The numbers expressed are the mean Ϯ SD of the mean of four separate experiments, except for NR2C and NR2D, where three transfections were performed. All constructs except NR2C and NR2D were transfected concurrently. NR2C and NR2D were transfected in a separate series of experiments with a concomitant positive control (NR2B) which showed the expected induction of synaptic NR1 clusters (11.2 Ϯ 2.9 per cell). For each experiment, 20 to 25 consecutive, randomly selected HcRed (or eGFP) positive neurons were chosen, and the number of synaptophysin-associated GluR2 or NR1 clusters on the selected neuron was counted in one field (cell centered) at 100ϫ. The slides were blinded before counting. In panel (B), a second set of cultures were transfected with the indicated constructs, and the number of synaptic NR1 clusters was determined along with the mean synaptic NR1 fluorescence intensity at synapses deemed immunopositive for NR1. **p Ͻ 0.001 compared with control in a paired comparison; ***p Ͻ 0.02 compared to NR2A.
body, which did not show clustered staining in either NR2B transfection, while the number of synaptic GluR2 clusters was unchanged. Transfection with a mutant of hippocampal or spinal neurons. The hippocampal NR2A and NR2B synaptic accumulation was seen in the vast NR2A (NR2A⌬10) that lacks the last ten amino acids of its intracellular C terminus, the portion responsible for majority of neurons as soon as synaptic NR1 was detected. Excellent synaptic localization was also seen in binding to the PDZ domains of PSD-95 and other MAGUK proteins (Hung and Sheng, 2002), significantly reduced hippocampal neurons with antibodies to PSD-95 ( Figure  1D ) and Chapsyn-110 ( Figure 1E ), but not with antibodthe synaptic targeting of NR1 (Table 1) C2 cassette; NR1-4A, containing the C2Ј cassette; NR2C; or NR2D in ventral spinal neurons had no effect Given the deficiency of NR2A and NR2B expression in cultured spinal neurons and their purported role in on the synaptic distribution of NR1, nor did overexpression of PSD-95 or SAP-102. synaptic NMDA receptor localization (Barria and Malinow, 2002), we transfected NR2B or NR2A into ventral In order to ensure that NR2A and NR2B were increasing the surface, synaptic pool of NMDA receptors rather spinal neurons 72 hr after plating, along with a small amount of a construct encoding a fluorescent protein than simply aggregating a subsurface synaptic pool, we transfected NR1-1A, containing an extracellular myc epito identify transfected cells, replated them onto glial cells, and allowed them to grow for an additional 4-5 tope, along with NR2A and -B and looked at live surface staining. As shown in Figure 2A and in the Supplemental days. As shown in Ventral spinal neurons were transfected either with myc-tagged NR1-1A plus untagged NR2A or with myc-tagged NR1-1A plus control. Following transfection, neurons were stained live with anti-myc to identify surface NR1 and then fixed, permeablized, and stained with antiGluR2/3 (A) to identify excitatory synapses. In (B) and (D), after transfecting with myc-NR1, neurons were stained live with anti-myc and then fixed, permeablized, and stained for synaptophysin (Goat) plus either NR2D or NR2A (rabbit), respectively. In (C), the NR2D antibody was blocked with NR2D transfected HEK293 extract as described in Experimental Procedures. In (E), live staining of myc-NR1 transfected neurons was carried out with both anti-myc and anti-GluR1. 1997), the punctate appearance of extrasynaptic NR1 when myc-NR1-1A was cotransfected with NR2B but not with NR2C, NR2D, or NR1-4A (see the Supplemental is a useful artifact of the bivalent anti-myc antibody and is not seen when Fab fragments are used. SimultaneData). These results suggest that extrasynaptic NMDA receptors make it to the surface of dendrites and are ously labeling the surface extrasynaptic myc-NR1 subunits with the mouse monoclonal anti-myc antibody repart of a multimeric complex with NR2D. When NR2A or NR2B are present, the receptor complex localizes to vealed colocalization with NR2D ( Figure 2B 1 (panel B), the NR2D/A6 chimera showed almost no ability to induce the formation of synaptic NR1 clusters. Total NR2D was expressed in excess compared with NR2A by manipulating DNA concentrations. ImmunoIn contrast, NR2A/D6 did induce synaptic clustering of NR1, but at a reduced rate compared with native NR2A precipitation of PSD-95 resulted in the coimmunoprecipitation of both the NR2A and NR2D C-terminal and with a smaller mean synaptic receptor cluster size compared to native NR2A. NR2A⌬6, an NR2A mutant fragments, but a far greater excess of NR2A was immunoprecipitated even though it was underexpressed lacking its terminal six amino acids, showed no ability to induce synaptic clusters of NR1, like the previously compared to NR2D. When the terminal six amino acids of NR2A and -D were switched, creating chimeric C-terdescribed deletion mutant NR2A⌬10. These data demonstrate that the C-terminal PDZ bindminal fragments, the interaction between NR2A, NR2D, and PSD-95 was reversed ( Figure 3B) . consisted of full-length NR2A whose final six amino acids were switched to that of NR2D, while NR2D/A6 Narp Clusters NMDA Receptors in NR2A Transfected Cells consisted of full-length NR2D whose final six amino acids were switched to that of NR2A. These constructs, In addition to its effect on the synaptic targeting of NMDA receptors, transfection of ventral spinal neurons along with GFP, were transfected into spinal neurons, and the transfected neurons were assayed for the synwith NR2A conferred on them a phenotype whereby exogenous Narp could induce clusters of NMDA recepaptic clustering of NR1. As shown in Figure 3C and Table Table 2 Con (n ϭ 3) 13.1 Ϯ 3.7 12.3 Ϯ 3.1 12.8 Ϯ 2.5 9.7 Ϯ 2.8 14.2 Ϯ 4.3 GluR2CT (n ϭ 3) 4.3 Ϯ 1.9** 3.2 Ϯ 2.2** 3.7 Ϯ 1.4** 4.2 Ϯ 1.1** 4.3 Ϯ 2.1** GluR1CT (n ϭ 3) 11.7 Ϯ 2.6 14.2 Ϯ 3.8 13.7 Ϯ 3.2 11.3 Ϯ 3.3 12.9 Ϯ 2.7 NR2ACT (n ϭ 3) 10.9 Ϯ 2.8 11.0 Ϯ 3.5 12.3 Ϯ 4.0 Stargazin⌬C (n ϭ 3) 4.7 Ϯ 1.9** 4.0 Ϯ 1.6** 9.9 Ϯ 2.7 8.6 Ϯ 2.0 -StargazinCT (n ϭ 3) 3.2 Ϯ 1.3** 11.5 Ϯ 3.0 StargazinCT⌬10 (n ϭ 3) 9.9 Ϯ 2.1 14.1 Ϯ 2.8 Stargazin (n ϭ 3) 14.3 Ϯ 3.9 15.6 Ϯ 2.3** B GluR2 Transfected with: NR1 Clusters Clusters NR2A ϩ Con. (n ϭ 6) 7.3 Ϯ 2.0 10.9 Ϯ 2.1 NR2A ϩ GluR2CT (n ϭ 3) 2.8 Ϯ 1.3** 4.1 Ϯ 1.3** NR2A ϩ GluR1CT (n ϭ 3) 8.5 Ϯ 2.6 9.9 Ϯ 3.2 NR2A ϩ stargazin⌬C (n ϭ 3) 2.1 Ϯ 0.6** 9.8 Ϯ 2.1 NR2A ϩ stargazinCT (n ϭ 3) 3.6 Ϯ 1.5*** 13.9 Ϯ 3.3 NR2A ϩ stargazinCT⌬10 (n ϭ The effect of switching media could be antagonized by increasing the amount of ambient excitatory synaptic a very rich environment including chick embryo muscle extract and serum. In order to investigate whether these activity in the cultures grown in defined media by including picrotoxin and strychnine, GABA-A, and glycine reconditions were related to our lack of clustered synaptic NMDA receptors, perhaps by promoting excess synapceptor antagonist, respectively. As shown in Figures  5A and 6 and the Supplemental Data, the presence of tic activity, we switched our cultures after 5 days in vitro from their normal enriched media to a more minimal picrotoxin and strychnine, which we have previously shown increases excitatory synaptic activity in these environment consisting of Neurobasal media with B27 supplements. As shown in Figure 5A , after 48 hr in this cultures (O'Brien et al., 1998), substantially abrogated the increase in NR2A and NR2B associated with media new media, both NR2A and NR2B protein levels could be seen to substantially increase, far past the level seen switching and significantly diminished the number and size of synaptic NMDA receptor clusters. It should be after 2 weeks in standard media. Quantitative densitometry showed a 6.8 Ϯ 1.2-fold increase in NR2B and an noted that the mean synaptic GluR2 immunofluorescence decreases with the same media switch that in-8.1 Ϯ 2.4-fold increase in NR2A (n ϭ 3).
Northern blots of total RNA from treated (B27) and creases NR1 immunofluorescence and NR2A and -B protein levels, implying that this is not a general trophic effect. untreated spinal neurons showed no change in NR2A or NR2B mRNA levels. The high molecular weight bands In addition to the change in NMDA receptor subunit expression noted with the switch in growth media, we (approximately 10-11 kB; arrowhead, Figure 5B Hippocampal neurons were transfected with the indicated constructs plus a small amount of HcRed or GFP to identify the transfected cells, replated, and grown for 5-7 days, at which time they were fixed and stained for GluR2 or NR1 (mouse) and GAD (rabbit). A similar series of neurons were transfected on day 8 or 9 and examined on day 10-12. These neurons were stained either in the same manner described above or with stargazin (rabbit) and GAD ( The affinity-purified antibody was used at 1 g/ml for immunoblots hours after transfection, the cells in each well were trypsinized off and at 2 g/ml for immunostaining. Antibodies to the NMDA receptor the plate with 100 l of 0.025% trypsin, mixed with 1 ml of fresh subunit NR2C was obtained from Molecular Probes and used at growth media, and added to a fresh well containing a glial-coated 1:300 for immunoblots and staining, while the NR2D antibody was coverslip. After 12 hr, the media was completely changed, and the purchased from Santa Cruz and used at 1:100 for staining and 1:200 cells were then fed regularly for 4-7 days until assayed. Additional for immunoblots. NR2A antibodies were obtained from Upstate Biohippocampal cultures were transfected after 8 or 9 days in vitro and technology (polyclonal #06313), raised against amino acids 1260-examined (without replating) after an additional 48-72 hr. Similarly, 1460 of mouse NR2A and used in immunoblots at 1:600 and for in some cases, spinal neurons were transfected with various conimmunostaining at 1:300, and from Chemicon (MAB5216), raised structs at 5 days in vitro without replating, immediately prior to against amino acids 1099-1213 of human NR2A. The Chemicon NR2A switching the growth media to Neurobasal plus B27.
antibody was used at 3 g/ml for immunoblots. NR2B antibodies were obtained from Transduction Labs (monoclonal #610416), raised against rat amino acids 892-1051 and used at 1 g/ml for immunoblots and Immunohistochemistry Neuronal cultures were fixed in 4% paraformaldehyde, 4% sucrose 2 g/ml for immunostaining and a rat extreme C-terminal peptide polyclonal anti NR2B antibody (Lau and Huganir 1995) used at 2 g/ in PBS for 5 min, transferred to methanol at Ϫ20 for an additional 15 min, permeablized in 0.1% Triton X-100 for 10 s, and then rinsed ml for immunoblots and 5 g/ml for immunostaining. NR1 antibodies consisted of the C2Ј cassette-specific polyclonal antibody from Phartwice in PBS. Coverslips were then blocked in 10% goat serum at room temperature for 1 hr and incubated with primary antibodies mingen (#690KC; used at 2 g/ml for immunoblots) and the C2 cassette-specific polyclonal antibody from Upstate Biotechnology for 24 hr at 4ЊC. Rhodamine, AMCA, or fluorescein-conjugated sec-
